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Adult neurogenesis is a tightly regulated process continuously taking place in the central
nervous system of most mammalian species. In neuroscience research, transgenic
animals bearing the tamoxifen-inducible CreERT2-Lox system are widely used. In this
study, we made use of a Nestin-CreERT2/R26R-YFP transgenic mouse model in which
the CreERT2 activates the expression of YFP in multipotent neural stem cells upon
tamoxifen application. Humoral factors, such as the levels of estrogens, have been
reported to affect the hippocampal neurogenesis. The application of tamoxifen, a mixed
agonist/antagonist of the estrogen receptor that permeates the blood-brain-barrier, could
thus influence adult neurogenesis. Although the functions of adult neurogenesis are yet
to be fully deciphered, a reciprocal interaction between rates of neurogenesis on the one
hand and learning and mood regulation on the other hand, has been suggested. The
impact of tamoxifen on neurogenesis and behavior was therefore addressed following five
daily applications according to the open field test, the elevated plus maze, and Morris
water maze. In addition, the impact of short-term tamoxifen application on progenitor
cell proliferation, morphology, and fate in the neurogenic niche of the dentate gyrus were
investigated. Finally, the influence of the route of administration (oral vs. intra-peritoneal)
and gender-specific response were scrutinized. The sub-acute analysis did neither reveal
significant differences in behavior, such as voluntary motor activity, anxiety behavior, and
spatial learning, nor in cell proliferation, cell survival, dendritic arborization or maturation
rate within the dentate gyrus between saline solution-, corn oil-, and tamoxifen-treated
groups. Finally, neither the route of application, nor the gender of treated mice influenced
the response to tamoxifen. We conclude that short tamoxifen treatments used to activate
the CreERT2 system in transgenic mouse models does not have a measurable impact
on adult neurogenesis or the here tested behavior, and is therefore appropriate for most
studies in the field.
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INTRODUCTION
In rodents, as well as in humans, adult neurogenesis takes
place in two neurogenic niches of the central nervous system:
the subgranular zone of the dentate gyrus in the hippocampus
and the subventricular zone of the lateral ventricles (Luskin,
1993; Kuhn et al., 1996). The neurogenic niches provide a
supportive environment for the key events of neurogenesis,
i.e., neural stem and progenitor cell proliferation, survival, and
integration. Moreover, numerous factors modulated the rates of
neurogenesis, e.g., growth factors, cytokines, physical activity,
stress, etc. (Kempermann et al., 1997; Couillard-Despres et al.,
2005; Villeda et al., 2011; Couillard-Despres, 2013; Aimone et al.,
2014; Rotheneichner et al., 2014; König et al., 2016). Although
the role of neurogenesis in cognition is still unclear and the
source of intensive debates (Kempermann et al., 2004; Aimone
et al., 2014; Yau et al., 2015) evidence suggests that neurogenesis
contributes to cognitive input processing (Clelland et al., 2009),
memory retention (Becker, 2005; Thuret et al., 2009), and the
reliability of memory (Wiskott et al., 2006). It is noteworthy that
the correlation between neurogenesis and cognition appears to
be bidirectional, i.e., cognitive effort and learning stimulates the
generation of new neurons as well (Gould et al., 1999).
An increasing number of transgenic tools to study adult
neurogenesis are being based on the targeted expression of the
Cre-recombinase fused with a mutated form of the estrogen
receptor (e.g., CreERT2), providing a high affinity for tamoxifen,
but a low affinity for endogenous estrogen (Feil et al., 1996,
1997; Indra et al., 1999). Upon binding of tamoxifen with the
fusion protein, the latter translocates from the cytoplasm to the
nucleus and excises genomic segments comprised between loxP
sequences. An example of such transgenic systems is the nestin-
CreERT2/R26R-YFP encoding the CreERT2 under the control of
the nestin promoter, which is active in multipotent neural stem
cells (Lagace et al., 2007). Concomitantly, this mousemodel bears
the yellow fluorescent protein (YFP) integrated in the ROSA26
locus for ubiquitous expression. Due to the presence of a loxP-
flanked STOP cassette upstream of the YFP reporter, expression
in the neural stem cells will only begin following the tamoxifen-
induced excision by the recombinase (Lagace et al., 2007).
Tamoxifen is a mixed agonist/antagonist of the estrogen
receptor. First synthesized in 1966 (Sneader, 2005), tamoxifen is
mainly used as a therapy option for breast cancer (Cole et al.,
1971; Jordan, 2003), premature puberty (Eugster et al., 1999), and
female infertility (Steiner et al., 2005). Since tamoxifen can readily
cross the blood-brain-barrier (BBB; Lien et al., 1991; Pareto et al.,
2004), it could influence processes within the central nervous
system (CNS). For instance, it was reported that patients who
received 20mg per day of tamoxifen for 5 years showed lower
cognitive and memory performances compared to untreated
patients (Paganini-Hill and Clark, 2000; Eberling et al., 2004;
Boele et al., 2015).
Transgenic mouse models based on tamoxifen-activated
recombinase systems are available since ∼2 decades and were
soon introduced in the field of neurology (Orban et al., 1992;
Metzger et al., 1995; Tsien et al., 1996). Nevertheless, the
influence of administration of the estrogen agonist/antagonist
tamoxifen per se on adult neurogenesis has not been addressed
in depth and conflicting data regarding potential influence
on learning, memory, or anxiety have been reported (Chen
et al., 2002a,b; Vogt et al., 2008; Zabihi et al., 2014; Azizi-
Malekabadi et al., 2015). In this regard, estrogens have been
previously shown to influence neurogenesis. For example in
the dentate gyrus of female rats, the number of proliferating
cells labeled by the application of BrdU is the highest during
proestrus, e.g., at the highest estrogen levels, as compared
to estrus and diestrus (Tanapat et al., 1999). On the other
hand ovariectomy did not only drastically reduce the level of
circulating estrogen, it also decreased the number of proliferating
cells in dentate gyrus. Furthermore, administration of estrogen
to ovariectomized rats improved spatial memory, a process
associated with the hippocampus (Packard and Teather, 1997;
Bimonte and Denenberg, 1999).
In the present report, we investigated the impact of tamoxifen
administration on the open field and elevated plus maze tests, as
well as the Morris water maze test. Moreover, we investigated the
impact of short-term tamoxifen application on cell proliferation,
cell survival, dendritic arborization, and maturation rate in the
granular and the subgranular zone of the dentate gyrus, as well
as the fate of the newly generated cells. In addition, the efficiency
of an oral and intra-peritoneal administration was compared and
potential gender-specific response was investigated.
MATERIALS AND METHODS
Animals
All experiments were performed in accordance to the guidelines
of the “Directive 2010/63/EU of the European Parliament and of
the Council of 22 September 2010 on the protection of animals
used for scientific purposes” and were approved by the national
animal care authorities.
This study was performed on 5 month-old nestin-
CreERT2/R26R-YFP mice (Lagace et al., 2007). All mice were
housed in groups of 2–5 mice of the same gender littermates
per cage with ad libitum access to water and food under 12 h
light/12 h dark cycle.
Experiment 1: Tamoxifen (100mg/kg bodyweight; 10mg/ml
stock solution; Sigma-Aldrich) dissolved in corn oil (Sigma-
Aldrich), or corn oil as vehicle control, was administered daily
from day 1 to 5 by intra-peritoneal injection or stomach gavage.
Experiment 2: To investigate the possible effect of corn oil
per se on proliferation and survival of newborn neurons, a
second experiment was performed on 5 month-old C57BL6 mice
which received five consecutive daily intra-peritoneal injections
of either tamoxifen (100mg/kg bodyweight), corn oil or saline
solution (0.9% NaCl). In addition, 5-bromo-2′-deoxyuridine
(BrdU; 50mg/kg bodyweight; 10mg/ml stock solution; Sigma-
Aldrich) was injected intra-peritoneal either on 1 single day
(Exp. 1), or daily from day 1 to 5 (Exp. 2) to label proliferating
cells (Figure 1A).
Histology
On day 15, mice were transcardially perfused with 0.9%
NaCl for 5min followed by 0.1 M phosphate buffered 4%
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paraformaldehyde pH 7.4 for 10min. Brains were dissected
and post-fixed in the same solution overnight at 4◦C and then
transferred in 0.1M phosphate buffered 30% sucrose solution pH
7.4 at 4◦C for at least 48 h. Brains were cut in 40 µm sagittal
sections using a slidingmicrotome (Leica) on dry ice and sections
were stored at−20◦C in cryoprotectant (25% v/v glycerol, 0.05M
sodium phosphate buffer pH 7.4, 25% v/v ethylene glycol) until
processing.
Immunohistological analyses were performed as previously
described (Couillard-Despres et al., 2005) using the following
antibodies and kits: chicken anti-GFP (Invitrogen, 1:500), rabbit
anti-DCX (Cell Signaling Technology, 1:300), mouse anti-NeuN
(Millipore, 1:500), rat anti-BrdU (AbD Serotec, 1:500), mouse
anti-PCNA (Santa Cruz Biotechnology, 1:500), donkey anti-
chicken Alexa 488 (Jackson Immuno Research, 1:1000), donkey
anti-rabbit Alexa 568 (Invitrogen, 1:1000), donkey anti-rat
Rhodamin Red (Jackson Immuno Research, 1:1000), donkey
anti-rat Cy5 (Jackson Immuno Research, 1:1000), donkey anti-
mouse Alexa 647 (Invitrogen, 1:1000), rabbit anti-rat biotinylated
(Vector Laboratories, 1:1000), donkey anti-mouse biotinylated
(Jackson Immuno Research, 1:1000), goat anti-rabbit biotinylated
(Vector Laboratories, 1:1000), VECTASTAIN ABC System and
DAB Peroxidase Substrate kit (Vector Laboratories) and 4′6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 0.5 µg/ml).
The total number of labeled cells in the granular and
subgranular layer of the dorsal dentate gyrus per hemisphere
was extrapolated using stereological techniques on every fifth or
every tenth section (Couillard-Despres et al., 2005). Bright-field
micrographs were acquired with an IX81 microscope (Olympus)
using the Volocity Software (Perkin Elmer). Fluorescent
micrographs were obtained and analyzed with a LSM 700
confocal microscope and ZEN 2011 Black Software (Carl Zeiss)
and ImageJ Software 1.46r (National Institutes of Health, USA).
For morphological analysis immature neurons were identified
by their expression of doublecortin (DCX+). Bright-field
micrographs were acquired with a Nikon Eclipse E600
microscope (objective: 100×/1.3 oil). For each investigated
DCX+ cell a minimum of three images of different focal
planes was taken and merged using Helicon Focus 6 software.
Individual neurites were traced using ImageJ (Schneider et al.,
2012) in combination with the NeuronJ plugin (Meijering et al.,
2004). Primary neurite length was determined and groups were
compared using one-way ANOVA. For each group a minimum
of six mice was taken to perform morphological analysis of
DCX+ cells.
Behavioral and Cognitive Tests
Open Field
The open field test for spontaneous motor activity was performed
on day 8 and analyzed using a tracking software (EthoVision
2.3.19, Noldus). Mice were given 5min for free exploration on
a circular arena of 100 cm diameter. Arena was cleaned between
each trial to avoid olfactory cues.
Elevated Plus Maze
The elevated plus maze test was performed on day 8 to evaluate
the anxiety level of mice. The maze was set 50 cm above floor
level and presented four arms (50 × 10 cm), two opened and
two closed arms with walls of 40 cm height. Maze was cleaned
between each trial. Mice were given 5min of free exploration
starting in the central intersection facing an open arm. Tracking
software (EthoVision 2.3.19, Noldus) was used to record and
analyze behavior of the mice in the maze during the trial.
Morris Water Maze
The Morris water maze test was used to assess spatial learning
and memory. The maze consisted in a 108 cm round basin filled
with 20 cm deep water (21 ± 1◦C) made opaque with milk
powder. A 10 × 10 cm square platform located 1 cm below
the surface was positioned in the maze. Big black cue symbols
were put on the each wall of the testing room for orientation
and the experimental setup was not changed throughout the
learning session. Water maze trials (maximum 60 s) for learning
were performed twice a day for a total of 10 trials from day
8 to 12 after first tamoxifen administration using one of four
starting quadrant selected randomly. Before starting the learning
experiment each mouse was put in the water and given 60 s to
swim and locate the submerged platform. If the platform was not
detected within 60 s the animal was guided onto the platform
and allowed to remain there for 10 s. On day 12, an additional
memory paradigm was performed by removing the platform and
mice were tracked for 60 s. The swim path and velocity was
recorded (EthoVision 2.3.19, Noldus) for every session. In the
absence of the platform during the last session, the time spent
in the platform quadrant and the “frequency of crossing” at the
exact former position of the platform was additionally calculated.
Statistics
Statistical analyses were performed using two-tailed unpaired
T-test with a 95% confidence interval (GraphPad PRISM 5.0,
GraphPad Software Inc.). The learning curves of theMorris water
maze test, the comparison of the number of BrdU+ cells in
relation to the duration of BrdU+ administration were analyzed
using a two-tailed one-way or two-way ANOVA with Bonferroni
post-hoc test. For the analysis of the proportions of BrdU+/DCX+
and BrdU+/NeuN+, as well as BrdU+/DCX+/NeuN+ cells
between the different groups a Chi2-test was used. Graphs show
mean values with standard deviation as error bars. Significance
was p > 0.05 ns, p < 0.05∗, p < 0.01∗∗, and p < 0.001∗∗∗.
RESULTS
Impact of Short Tamoxifen Treatments on
Motor Activity, Anxiety, and Spatial
Learning
Spontaneous motor activity was evaluated in the open field test
according to the total distance covered during a 5min trial on
day 8. Mice treated with tamoxifen for 5 consecutive days did
not show significant difference in the total distance covered
compared to corn oil treated groups (3251± 662 cm corn oil (n=
23) vs. 3020 ± 881 cm tamoxifen (n = 24), p = 0.32; Figure 1B),
or the saline solution treated groups (data not shown). Similarly,
no significant differences associated with gender or route of
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FIGURE 1 | (A) Experimental plan of tamoxifen (TAM) and BrdU administration and behavioral tests. BrdU was injected intra-peritoneal either for 1 day, or for 5
consecutive days (#). TAM was administered intra-peritoneal or by gavage on 5 consecutive days. Behavioral tests (Plus Maze =', Open Field = , Water Maze
Learning =©L , and Water Maze Memory =©M ) were performed from day 8 to 12. Mice were perfused on day 15. (B) Total distance covered in the open field test
shows no significant differences in locomotion comparing corn oil and tamoxifen treatment groups. (C,D) The comparison of corn oil and tamoxifen treatment groups
in the time spent in the open arm of the elevated plus maze and the number of entries in the open arms reveals no significant differences in levels of anxiety. The same
result was observed by comparing the saline solution-treated group with either corn oil-treated or tamoxifen-treated mice (data not shown). (E,F) Gender-specific
analysis of elevated plus maze data revealed significant differences in anxiety levels of females compared to males according to the time spent in open arms (p =
0.0065**) and number of open arm entries (p = 0.0465*). (G–I) Learning and memory performances were analyzed using the Morris water maze test. (G) Learning
curve (time to find the platform) from day 8 to 12 revealed no learning differences between corn oil and tamoxifen treated mice, as analyzed by two-way ANOVA.
Following removal of the platform on day 12, no differences in memory according (H) to the time spent in platform quadrant and (I) number of platform crossings were
noticed between the tamoxifen and corn oil treated mice, as well as the saline-treated animals (data not shown).
administration were detected within or between the treatment
groups (data now shown).
The elevated plus maze test is a well-established method to
evaluate the anxiety level according to the preference for open
or closed arms (Pellow et al., 1985). Analyses performed on day
8 revealed no significant differences between the corn oil- or
tamoxifen-treated groups in regard to time spent in open arms
[73 ± 38 s corn oil (n = 23) vs. 84 ± 52 s tamoxifen (n =
24), p = 0.43; Figure 1C], in the number of open arm entries
[15 ± 5 corn oil (n = 23) vs. 15 ± 5 tamoxifen (n = 24) p
= 1.00; Figure 1D], nor in the total distance covered [1781 ±
297 cm corn oil (n = 23) vs. 1707 ± 335 cm tamoxifen (n =
24), p = 0.42]. Similarly, no significant differences were found
between saline solution-treated groups and tamoxifen-treated
groups (data not shown). However, females spent more time in
open arms and entered open arms more frequently compared
to males irrespective of treatment and route of application [time
spent in open arms 95± 51 s females (n= 26) vs. 59± 29 s males
(n = 21), p = 0.0065∗∗ Figure 1E; number of open arm entries
16 ± 5 females (n = 26) vs. 14 ± 5 males (n = 21), p = 0.0465∗
Figure 1F].
Morris water maze test (two trials daily) was performed from
days 8 to 12 to assess spatial learning. The time required to find
the hidden platform decreased from day 8 to 12 in both corn oil-
and tamoxifen-treated groups (corn oil n = 23; tamoxifen n =
24; p < 0.0001∗∗∗; Figure 1G). No significant difference of time-
to-platform could be detected between the treatment groups (p
= 0.64). No significant differences associated with gender or
administration route were observed for these parameters within
or between the treatment groups (data now shown).
On day 12, spatial memory was further assessed during a 60 s
trial by measuring the total time spent in the platform quadrant,
as well as frequency of crossing the platform area, following
removal of the platform from the basin. No significant differences
in the time spent inside the platform quadrant [27 ± 9 s corn oil
(n = 23); 27 ± 7 s tamoxifen (n = 24), p = 0.93; Figure 1H], or
in the number of crossing of the platform area [4 ± 2 corn oil (n
= 23) and 4 ± 2 tamoxifen (n = 24), p = 0.99; Figure 1I] could
be detected between the corn oil- and tamoxifen-treated groups.
Similarly, no significant difference could be detected between
saline-solution treated groups and corn oil-treated groups, as well
as between saline solution-treated groups and tamoxifen-treated
groups (data not shown). No significant differences associated
with gender or administration route were observed for these
parameters within or between the treatment groups (data not
shown).
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Impact of Tamoxifen on Hippocampal
Neurogenesis
The number of cells proliferating at the time of perfusion (day
15) was estimated based on the expression of the proliferation
marker PCNA. The number of PCNA+ cells detected in the
dorsal dentate gyrus did not significantly differ between corn oil-
, saline- and tamoxifen-treated mice [487.5 ± 151.6 cells saline
(n = 8); 453.3 ± 118.1 cells corn oil (n = 9); 423.8 ± 177.5
cells tamoxifen (n = 8), p = 0.6995; Figure 2A]. No significant
differences associated with gender or administration route were
observed in the number of PCNA-labeled cells within or between
the treatment groups (data now shown).
We further scrutinized the survival of newly generated cells
labeled with BrdU either administered on day 1, or for 5
consecutive days, still remaining in the dorsal dentate gyrus after
2 weeks. Corn oil-treated mice retained 199 ± 96 BrdU+ cells,
whereas 162 ± 69 cells were detected in the tamoxifen-treated
mice after 1 day BrdU administration (corn oil n= 15; tamoxifen
n = 17; p = 0.23; Figure 2B). Moreover, BrdU administration
for 5 consecutive days did not lead to any significant differences
in BrdU+ cell numbers between saline solution-, corn oil-, and
tamoxifen-treated mice [saline solution: 1563± 180 BrdU+ cells
(n = 9); corn oil: 1538 ± 502 BrdU+ cells (n = 10); tamoxifen:
1413 ± 351 BrdU+ cells (n = 10); p = 0.75; Figure 2B].
Similarly, no significant differences associated with gender or
administration route were observed in the number of surviving
BrdU-labeled cells within or between the treatment groups (data
now shown).
Morphology of DCX+ cells was analyzed by semi-automatic
individual neurite tracing (Meijering et al., 2004) and compared
between all three groups using one-way ANOVA. The primary
neurite length of DCX+ cells in the dorsal dentate gyrus did
not differ significantly between saline solution-, corn oil-, and
tamoxifen-treatedmice [saline solution: 25.4± 14.5µm (n= 22);
corn oil: 34.3± 15.8 µm (n= 20); tamoxifen: 32.0± 14.0 µm (n
= 19); one-way ANOVA of the groups p= 0.14; Figures 2G,H].
In addition, we scrutinized the fate of the newly generated cells
labeled with BrdU for 5 consecutive days. Neither the percentage
of cell adopting a neuronal fate, as determined by the expression
of DCX, nor the rate of neuronal maturation visualized by
the induction of NeuN expression were affected by tamoxifen
treatment compared to the saline as well as corn oil-treated group
[saline: 493 DCX+ cells, 108 DCX+/NeuN+ cells, 30 NeuN+ cells
(total n= 729 cells), corn oil: 502 DCX+ cells, 73 DCX+/NeuN+
cells, 20 NeuN+ cells (total n= 665 cells); tamoxifen: 441 DCX+
cells, 60 DCX+/NeuN+ cells, 24 NeuN+ cells (total n= 604 cells);
Chi2-test p = 0.07; Figures 2C,D]. There were no significant
differences associated with gender or route administration in the
fate of BrdU+ cell, either within or between the treatment groups
(data now shown).
Impact of Tamoxifen’s Route of
Administration
Although no differences in voluntary motor activity, anxiety
behavior, spatial learning, and neurogenesis have been detected
between mice receiving intra-peritoneal or gavage tamoxifen
applications on 5 consecutive days, it remained to be determined
if both routes of administration activate the CreERT2 system
to the same extent. Two weeks following five daily applications
of tamoxifen, we observed 255 ± 216 cells expressing YFP in
the dorsal dentate gyrus of mice injected intra-peritoneal (n =
4). Administration by gavage resulted in an equivalent number
of labeled cells (351 ± 189, n = 9, p = 0.43; Figures 2E,F).
Gender-specific analysis did not show significant differences of
recombination efficacy (data not shown).
DISCUSSION
Transgenic animal models are widely used in the field of
neurosciences and tamoxifen-inducible CreERT2-Lox systems
constitute an innovative and elegant method to activate or
deactivate genes at a specific time point. However, in order to
correctly interpret the function of the targeted gene, it is crucial to
determine potential impacts of tamoxifen per se on behavior and
neural processes. In this report, we used a Nestin-CreERT2/R26R-
YFP mouse model (Lagace et al., 2007) to address the sub-
acute impact of short-term tamoxifen administration on the adult
hippocampal neurogenesis and behavior, i.e., open field, elevated
plus maze, and Morris water maze tests. The latter three address
voluntary motor activity, anxiety behavior, and spatial learning,
respectively.
In this study, mice were perfused and analyzed 2 weeks
after five daily applications of tamoxifen or vehicles, such as
corn oil or saline solution. At this time point, no difference
between the treatment groups in the number of cells proliferating
(PCNA+) could be detected in the subgranular zone of the
dorsal dentate gyrus where neural progenitors reside. Similarly,
within the dentate gyrus, survival of newly generated cells
labeled with BrdU for either one or 5 consecutive days did not
differ between the two treatment groups. Furthermore, fate and
maturation rate of the newly generated cells appeared similar in
the three treatment groups arguing against a significant lasting
influence of tamoxifen on adult hippocampal neurogenesis.
Moreover, no significant differences in the morphology of the
immature hippocampal neurons could be detected between saline
solution-treated mice and neither the corn oil nor the tamoxifen
groups. Despite our histological observation in the dentate
gyrus, tamoxifen administration could provoke neurogenesis-
independent modification of behavior and spatial learning.
Consistent with a previous report (Vogt et al., 2008), none of
the parameters investigated using our behavioral test battery
indicated differences between the tamoxifen and the two vehicle-
treated groups. This observation supports the hypothesis that
short-term tamoxifen application, as well as short-term corn
oil application does not influence behaviors when assessed at a
sub-acute time point and therefore will not interfere with most
experimental readouts.
Taken that tamoxifen interacts with the estrogen receptor, we
further scrutinized for putative gender-specific differences in our
readout parameters. Our analysis substantiated an earlier report
showing that females were less anxious in the elevated plus maze
test, as compared to males (Võikar et al., 2001). This difference,
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FIGURE 2 | Immunohistological analysis of (A) cell proliferation (PNCA+) and (B) survival (BrdU+) in the dorsal dentate gyrus revealed no differences between
saline, corn oil and tamoxifen treated mice after single BrdU administration or a BrdU administration for 5 consecutive days. (C) Chi2-Test showed independency of
cell fate of BrdU+ cells between saline, corn oil, and tamoxifen treated mice comparing the number of cells expressing DCX and/or NeuN on day 15. (D)
Representative immunohistological staining of the dentate gyrus showing BrdU-labeled (red) immature neurons expressing DCX (green) and the surrounding mature
neurons detected with anti-NeuN (white; scale bar = 50 µm). (E) Analysis of the number of cells expressing YFP in the dorsal dentate gyrus revealed no significant
differences in the efficacy of CreERT2 activation via intra-peritoneal administration of tamoxifen compared to gavage. (F) Representative detection of YFP using a DAB
staining in the granular layer of the dentate gyrus showing YFP+ radial glia-like cells (scale bar = 20 µm). (G) DAB staining in the granular layer of the dentate gyrus
identified DCX+ immature neurons enabling individual tracing of primary neurites (end of primary neurite marked with red arrow; scale bar = 20 µm). (H) Analysis of
the primary neurite length of DCX+ immature neurons within the dentate gyrus revealed no significant morphological difference between saline solution-, corn oil-, and
tamoxifen-treated mice.
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however, was independent of the treatment received. Apart
from this gender-associated difference in anxiety, no further
differences betweenmales and females could be recognized in the
other behavioral and histological parameters investigated.
Finally, we compared two alternative routes of tamoxifen
administration, i.e., the intra-peritoneal injection and oral
gavage. Detailed analyses did not reveal significant differences
in behaviors or adult neurogenesis associated with the route
of application, given the sub-acute time point analyzed here.
Furthermore, we compared the respective efficacy of CreERT2
activation based on the number of cells expressing the reporter
gene YFP in the dentate gyrus and we could not detect a
significant difference associated with the route of tamoxifen
application.
In conclusion, within the time-frame investigated, no
differences in adult hippocampal neurogenesis or spontaneous
motor activity, anxiety, and spatial learning could be identified
in mice that previously received tamoxifen on 5 consecutive
days, as compared to vehicle-treated mice. The equivalent
efficiency in CreERT2 activation following intra-peritoneal
and oral administration of tamoxifen argues for an oral
application as first choice, since the corn oil used as vehicle
for tamoxifen accumulates in the abdominal cavity for at least
2 weeks following intra-peritoneal application which could
lead to local inflammation. In summary, we conclude that
the short-term application of tamoxifen does not significantly
interfere with adult neurogenesis or anxiety and spatial
learning when assessed at the sub-acute time point tested
here. This allows for the use of available CreERT2-Lox
systems in their full potential for the investigation of adult
neurogenesis.
AUTHOR CONTRIBUTIONS
SC, LA, and JM designed the study. PeR, PaR, SP, LB, PZ, and CK
performed behavioral and histological analyses. PeR, SP, LB, RK,
and SC interpreted the data. PeR and SC wrote the manuscript
and PaR and RK revised the manuscript.
FUNDING
This study was made possible through the generous funding
of the Propter Homines Foundation (Liechtenstein), the State
Government of Salzburg (Austria), through funding from
the European Union’s Seventh Framework Program under
grant agreements No. HEALTH-F2-2011-279288 (IDEA), No.
FP7-REGPOT-316120 (GlowBrain), the Austrian Science Fund
FWF Special Research Program (SFB) F44 (F4413-B23) “Cell
Signaling in Chronic CNS Disorders,” the FWF Hertha-Firnberg
Postdoctoral programme No. T736-B24, and the research fund
from the Paracelsus Medical University PMU-FFF (R-14/04/063-
KÖN; R-14/03/060-BIE; E-15/21/109-COU).
REFERENCES
Aimone, J. B., Li, Y., Lee, S. W., Clemenson, G. D., Deng, W., and Gage, F. H.
(2014). Regulation and function of adult neurogenesis: from genes to cognition.
Physiol. Rev. 94, 991–1026. doi: 10.1152/physrev.00004.2014
Azizi-Malekabadi, H., Pourganji, M., Zabihi, H., Saeedjalali, M., and Hosseini,
M. (2015). Tamoxifen antagonizes the effects of ovarian hormones to induce
anxiety and depression-like behavior in rats. Arq. Neuropsiquiatr. 73, 132–139.
doi: 10.1590/0004-282X20140221
Becker, S. (2005). A computational principle for hippocampal learning and
neurogenesis. Hippocampus 15, 722–738. doi: 10.1002/hipo.20095
Bimonte, H. A., and Denenberg, V. H. (1999). Estradiol facilitates performance
as working memory load increases. Psychoneuroendocrinology 24, 161–173.
doi: 10.1016/S0306-4530(98)00068-7
Boele, F. W., Schilder, C. M., de Roode, M. L., Deijen, J. B., and Schagen,
S. B. (2015). Cognitive functioning during long-term tamoxifen treatment
in postmenopausal women with breast cancer. Menopause 22, 17–25.
doi: 10.1097/GME.0000000000000271
Chen, D., Wu, C. F., Shi, B., and Xu, Y. M. (2002a). Tamoxifen and toremifene
cause impairment of learning and memory function in mice. Pharmacol.
Biochem. Behav. 71, 269–276. doi: 10.1016/S0091-3057(01)00656-6
Chen, D., Wu, C. F., Shi, B., and Xu, Y. M. (2002b). Tamoxifen and toremifene
impair retrieval, but not acquisition, of spatial information processing in mice.
Pharmacol. Biochem. Behav. 72, 417–421. doi: 10.1016/S0091-3057(01)00782-1
Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D. Jr., Fragniere, A., Tyers,
P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial
pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215
Cole, M. P., Jones, C. T., and Todd, I. D. (1971). A new anti-oestrogenic agent
in late breast cancer. An early clinical appraisal of ICI46474. Br. J. Cancer 25,
270–275. doi: 10.1038/bjc.1971.33
Couillard-Despres, S. (2013). Hippocampal neurogenesis and ageing. Curr. Top.
Behav. Neurosci. 15, 343–355. doi: 10.1007/7854_2012_232
Couillard-Despres, S., Winner, B., Schaubeck, S., Aigner, R., Vroemen, M.,
Weidner, N., et al. (2005). Doublecortin expression levels in adult brain reflect
neurogenesis. Eur. J. Neurosci. 21, 1–14. doi: 10.1111/j.1460-9568.2004.03813.x
Eberling, J. L., Wu, C., Tong-Turnbeaugh, R., and Jagust, W. J. (2004). Estrogen-
and tamoxifen-associated effects on brain structure and function. Neuroimage
21, 364–371. doi: 10.1016/j.neuroimage.2003.08.037
Eugster, E. A., Shankar, R., Feezle, L. K., and Pescovitz, O. H. (1999).
Tamoxifen treatment of progressive precocious puberty in a patient with
McCune-Albright syndrome. J. Pediatr. Endocrinol. Metab. 12, 681–686.
doi: 10.1515/JPEM.1999.12.5.681
Feil, R., Brocard, J., Mascrez, B., Lemeur, M., Metzger, D., and Chambon, P. (1996).
Ligand-activated site-specific recombination in mice. Proc. Natl. Acad. Sci.
U.S.A. 93, 10887–10890. doi: 10.1073/pnas.93.20.10887
Feil, R., Wagner, J., Metzger, D., and Chambon, P. (1997). Regulation of Cre
recombinase activity by mutated estrogen receptor ligand-binding domains.
Biochem. Biophys. Res. Commun. 237, 752–757. doi: 10.1006/bbrc.1997.7124
Gould, E., Beylin, A., Tanapat, P., Reeves, A., and Shors, T. J. (1999). Learning
enhances adult neurogenesis in the hippocampal formation. Nat. Neurosci. 2,
260–265. doi: 10.1038/6365
Indra, A. K., Warot, X., Brocard, J., Bornert, J. M., Xiao, J. H., Chambon, P., et al.
(1999). Temporally-controlled site-specific mutagenesis in the basal layer of the
epidermis: comparison of the recombinase activity of the tamoxifen-inducible
Cre-ER(T) and Cre-ER(T2) recombinases. Nucleic Acids Res. 27, 4324–4327.
doi: 10.1093/nar/27.22.4324
Jordan, V. C. (2003). Tamoxifen: a most unlikely pioneering medicine. Nat. Rev.
Drug Discov. 2, 205–213. doi: 10.1038/nrd1031
Kempermann, G., Kuhn, H. G., and Gage, F. H. (1997). More hippocampal
neurons in adult mice living in an enriched environment. Nature 386, 493–495.
doi: 10.1038/386493a0
Kempermann, G., Wiskott, L., and Gage, F. H. (2004). Functional
significance of adult neurogenesis. Curr. Opin. Neurobiol. 14, 186–191.
doi: 10.1016/j.conb.2004.03.001
Frontiers in Neuroscience | www.frontiersin.org 7 February 2017 | Volume 11 | Article 27
Rotheneichner et al. Tamoxifen Does Not Disturb Neurogenesis
König, R., Rotheneichner, P., Marschallinger, J., Aigner, L., and Couillard-Despres,
S. (2016). “Chapter 7 Aging,” in Adult Neurogenesis in the Hippocampus, ed
J. Canales (Amsterdam: Academic Press), 310.
Kuhn, H. G., Dickinson-Anson, H., and Gage, F. H. (1996). Neurogenesis in the
dentate gyrus of the adult rat: age-related decrease of neuronal progenitor
proliferation. J. Neurosci. 16, 2027–2033.
Lagace, D. C., Whitman, M. C., Noonan, M. A., Ables, J. L., Decarolis,
N. A., Arguello, A. A., et al. (2007). Dynamic contribution of nestin-
expressing stem cells to adult neurogenesis. J. Neurosci. 27, 12623–12629.
doi: 10.1523/JNEUROSCI.3812-07.2007
Lien, E. A., Solheim, E., and Ueland, P. M. (1991). Distribution of tamoxifen and
its metabolites in rat and human tissues during steady-state treatment. Cancer
Res. 51, 4837–4844.
Luskin, M. B. (1993). Restricted proliferation and migration of postnatally
generated neurons derived from the forebrain subventricular zone. Neuron 11,
173–189. doi: 10.1016/0896-6273(93)90281-U
Meijering, E., Jacob, M., Sarria, J. C., Steiner, P., Hirling, H., and Unser, M. (2004).
Design and validation of a tool for neurite tracing and analysis in fluorescence
microscopy images. Cytometry A 58, 167–176. doi: 10.1002/cyto.a.20022
Metzger, D., Clifford, J., Chiba, H., and Chambon, P. (1995). Conditional
site-specific recombination in mammalian cells using a ligand-dependent
chimeric Cre recombinase. Proc. Natl. Acad. Sci. U.S.A. 92, 6991–6995.
doi: 10.1073/pnas.92.15.6991
Orban, P. C., Chui, D., and Marth, J. D. (1992). Tissue- and site-specific DNA
recombination in transgenic mice. Proc. Natl. Acad. Sci. U.S.A. 89, 6861–6865.
doi: 10.1073/pnas.89.15.6861
Packard, M. G., and Teather, L. A. (1997). Posttraining estradiol injections
enhance memory in ovariectomized rats: cholinergic blockade and synergism.
Neurobiol. Learn. Mem. 68, 172–188. doi: 10.1006/nlme.1997.3785
Paganini-Hill, A., and Clark, L. J. (2000). Preliminary assessment of cognitive
function in breast cancer patients treated with tamoxifen. Breast Cancer Res.
Treat. 64, 165–176. doi: 10.1023/A:1006426132338
Pareto, D., Alvarado, M., Hanrahan, S. M., and Biegon, A. (2004). In vivo
occupancy of female rat brain estrogen receptors by 17beta-estradiol and
tamoxifen. Neuroimage 23, 1161–1167. doi: 10.1016/j.neuroimage.2004.07.036
Pellow, S., Chopin, P., File, S. E., and Briley, M. (1985). Validation of open:closed
arm entries in an elevated plus-maze as a measure of anxiety in the rat. J.
Neurosci. Methods 14, 149–167. doi: 10.1016/0165-0270(85)90031-7
Rotheneichner, P., Lange, S., O’sullivan, A., Marschallinger, J., Zaunmair,
P., Geretsegger, C., et al. (2014). Hippocampal neurogenesis and
antidepressive therapy: shocking relations. Neural Plast. 2014:723915.
doi: 10.1155/2014/723915
Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089
Sneader, W. (2005). Drug Discovery: A History. Hoboken, NJ: Wiley.
Steiner, A. Z., Terplan, M., and Paulson, R. J. (2005). Comparison of tamoxifen and
clomiphene citrate for ovulation induction: a meta-analysis. Hum. Reprod. 20,
1511–1515. doi: 10.1093/humrep/deh840
Tanapat, P., Hastings, N. B., Reeves, A. J., and Gould, E. (1999). Estrogen stimulates
a transient increase in the number of new neurons in the dentate gyrus of the
adult female rat. J. Neurosci. 19, 5792–5801.
Thuret, S., Toni, N., Aigner, S., Yeo, G. W., and Gage, F. H. (2009). Hippocampus-
dependent learning is associated with adult neurogenesis in MRL/MpJ mice.
Hippocampus 19, 658–669. doi: 10.1002/hipo.20550
Tsien, J. Z., Chen, D. F., Gerber, D., Tom, C., Mercer, E. H., Anderson, D. J., et al.
(1996). Subregion- and cell type-restricted gene knockout in mouse brain. Cell
87, 1317–1326. doi: 10.1016/S0092-8674(00)81826-7
Villeda, S. A., Luo, J., Mosher, K. I., Zou, B., Britschgi, M., Bieri, G., et al.
(2011). The ageing systemic milieu negatively regulates neurogenesis
and cognitive function. Nature 477, 90–94. doi: 10.1038/nature
10357
Vogt, M. A., Chourbaji, S., Brandwein, C., Dormann, C., Sprengel, R., and Gass,
P. (2008). Suitability of tamoxifen-induced mutagenesis for behavioral
phenotyping. Exp. Neurol. 211, 25–33. doi: 10.1016/j.expneurol.2007.
12.012
Võikar, V., Kõks, S., Vasar, E., and Rauvala, H. (2001). Strain and gender differences
in the behavior of mouse lines commonly used in transgenic studies. Physiol.
Behav. 72, 271–281. doi: 10.1016/S0031-9384(00)00405-4
Wiskott, L., Rasch, M. J., and Kempermann, G. (2006). A functional hypothesis for
adult hippocampal neurogenesis: avoidance of catastrophic interference in the
dentate gyrus. Hippocampus 16, 329–343. doi: 10.1002/hipo.20167
Yau, S. Y., Li, A., and So, K. F. (2015). Involvement of adult hippocampal
neurogenesis in learning and forgetting. Neural Plast. 2015:717958.
doi: 10.1155/2015/717958
Zabihi, H., Hosseini, M., Pourganji, M., Oryan, S., Soukhtanloo, M., and
Niazmand, S. (2014). The effects of tamoxifen on learning, memory and brain
tissues oxidative damage in ovariectomized and naive female rats. Adv. Biomed.
Res. 3:219. doi: 10.4103/2277-9175.143297
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Rotheneichner, Romanelli, Bieler, Pagitsch, Zaunmair, Kreutzer,
König, Marschallinger, Aigner and Couillard-Després. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 8 February 2017 | Volume 11 | Article 27
